Pacidamycins are a family of uridyl tetra/pentapeptide antibiotics with antipseudomonal activities through inhibition of the translocase MraY in bacterial cell wall assembly. The biosynthetic gene cluster for pacidamycins has recently been identified through genome mining of the producer Streptomyces coeruleorubidus, and the highly dissociated nonribosomal peptide assembly line for the uridyl tetrapeptide scaffold of pacidamycin has been characterized. In this work a hypothetical protein PacB, conserved in known uridyl peptide antibiotics gene clusters, has been characterized by both genetic deletion and enzymatic analysis of the purified protein. PacB catalyzes the transfer of the alanyl residue from alanyl-tRNA to the N terminus of the tetrapeptide intermediate yielding a pentapeptide on the thio-templated nonribosomal peptide synthetase (NRPS) assembly line protein PacH. PacB thus represents a new group of tRNA-dependent peptide bond-forming enzymes in secondary metabolite biosynthesis in addition to the recently identified cyclodipeptide synthases. The characterization of PacB completes the assembly line reconstitution of pacidamycin pentapeptide antibiotic scaffolds, bridging the primary and secondary metabolic pathways by hijacking an aminoacyl-tRNA to the antibiotic biosynthetic pathway.
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aminoacyltransferase | uridyl pentapeptide | peptidyl carrier protein P acidamycins are a family of uridyl tetra/pentapeptide antibiotics produced by Streptomyces coeruleorubidus (1). More than 10 related family members have been reported (1, 2) : Their common scaffold contains a central N β -methyl 2S,3S-diaminoburytic acid (DABA) moiety which is α-amino-capped by a ureido dipeptide (C-terminal), β-amino-capped by a single amino acid or a dipeptide (N-terminal), and carboxy-linked to a 3′-deoxy-4′,5′-enaminouridine ( Fig. 1 ). Pacidamycins were reported to exert antibiotic activities by virtue of functioning as a substrate analog of the UDP-MurNAc-pentapeptide of MraY in bacterial cell wall assembly of the pentapeptidyl-bactoprenol intermediate (3, 4) . Pacidamycins are of interest due to their unusual peptidyl-nucleoside structure features, and for the development of next generation antibacterial drugs inhibiting the clinically underexplored cell wall enzyme target MraY. The biosynthetic gene clusters for pacidamycins and closely related napsamycins were identified in parallel recently by three research groups via genome mining (5) (6) (7) . Bioinformatic analysis revealed the building blocks in pacidamycins are assembled using a nonribosomal peptide synthetase (NRPS) thiotemplate logic, whereas the encoded NRPS modules and domains are highly dissociated and predicted to work with each other in trans. We further characterized the functions of the separate NRPS protein domains in vitro to delineate catalytic steps for activation and insertion of each building block in the pacidamycin scaffold (8, 9) . We have shown that nine NRPS enzymes encoded by the producing organism S. coeruleorubidus, when heterologously expressed and purified from Escherichia coli, allowed reconstitution of the 5′-aminouridyl-tetrapeptide framework of the pacidamycin family (Fig. 1) . However, the biosynthetic route to pentapeptides from that set of tetrapeptide scaffolds remained unknown.
One interesting feature observed during the reconstitution of pacidamycin scaffold is the mechanistic versatility in linking various building blocks. In total, three condensation (C) domaincontaining NRPS Pac enzymes were identified in our biochemical studies: a C-T didomain protein PacN (T: thiolation), and two freestanding C domain proteins PacD and PacI. PacN is responsible for the ureido dipeptide formation, which is then ligated to the α-amino of DABA catalyzed by one of the freestanding C domain proteins PacD; a modified uridine moiety was incorporated at the carboxyl group of DABA via amide linkage catalyzed by the other freestanding C domain PacI. No putative C domain was found to be involved in the attachment of L-Ala/L-m-Tyr to the β-amino of DABA after activation by the dedicated adenylation (A) domains (PacU/PacW) ( Fig. 1) (9) . As the functions of all of the NRPS enzymes encoded by the gene cluster have been elucidated, the molecular mechanism of the activation and insertion of the N-terminal L-Ala/L-Gly in the pacidamycin pentapeptidyl scaffold may therefore involve an NRPS-unrelated mechanism. The pacidamycin gene cluster encodes three hypothetical proteins (PacA, PacB, and PacG) with no significant sequence homology to any characterized proteins in the NCBI database (6) . In this work, the online program HHpred was used to detect structural homology of these hypothetical proteins and predict their functions (10) . This led to the discovery of the role played by PacB in tRNA-dependent biosynthesis of the pacidamycin group of pentapeptidyl nucleoside antibiotics.
Results
Bioinformatic Analysis of PacA, PacB, and PacG. After BLASTP analysis failed to provide useful information on the putative functions of PacA, PacB, and PacG, structural homology search of these hypothetical proteins using the online program HHpred was performed. PacA was predicted to contain an N-terminal forkhead-associated domain related to phosphor-Ser/Thr binding, and a C-terminal helix-turn-helix DNA-binding motif. PacA was therefore postulated to play a regulatory role in the pacidaymcin biosynthesis. PacG showed high structural homology to iron(II)-dependent cysteine dioxygenase and thus could function as an oxidoreductase in the formation of N-terminal bicyclic moiety (6-hydroxy-tetrahydro-isoquinoline carboxylic acid) or the modification of uridine. HHpred analysis of PacB revealed structural homology to Weissella viridescens FemX (11) and Staphylococcus aureus FemA (12) . These Fem enzymes catalyze the addition of amino acid (FemX: Ala; FemA: Gly) on the peptidoglycan precursor using an aminoacylated tRNA as a substrate for subsequent peptide bridge cross-linking to strengthen the cell wall ( Fig. 2A) (13) . We thus proposed that PacB may similarly utilize aminoacylated tRNAs as substrates for the installation of the N-terminal Ala/Gly in the uridyl pentapeptide scaffold of pacidamycins (Fig. 2B ).
In Vivo Gene Disruption of pacB. Both tetrapeptides and pentapeptides of pacidamycins were routinely detected from the culture of wild-type strain by liquid chromatography-high-resolution mass spectrometry (LC-HRMS) analysis following the standard growth condition and extraction technique (6) . A pacB disruption experiment was carried out to probe its role in the biosynthesis of pacidamycins. The gene was deleted in-frame through double crossover according to standard methods (14) , and the resulting mutants were confirmed by PCR (Fig. S1 ). The deletion of pacB abolished the production of all of the pentapeptide compounds, while uridyl tetrapeptides were produced, albeit at lower yields (Fig. 3) . The pacB knockout result suggested that PacB may be specifically related to the incorporation of the N-terminal amino acid to make the uridyl pentapeptide framework.
In Vitro Production of Uridyl Pentapeptides Using Purified PacB. PacB was cloned as an N-terminal His 6 -tagged protein, expressed and purified from E. coli with a yield of 1.6 mg∕L (Fig. S2) . We have previously shown that uridyl tetrapeptides with N-terminal m-Tyr tethered to the β-amino of DABA could be formed using the nine NRPS and associated enzymes PacDHIJLNOPW in vitro (9) . No uridyl pentapeptide could be detected from those enzymatic reactions. The purified PacB was then added to the reaction mixture of the nine NRPS enzymes, with the addition of E. coli aminoacyl-tRNA synthetase (aatRS, from Sigma) and tRNA (6), and biosynthetic pathway for uridyl tetrapeptide using nine NRPS enzymes (9) . Domain notation: T, thiolation; A, adenylation; C, condensation; TE, thioesterase. The diamine spacer DABA is shown in red. (Sigma) to generate alanyl-tRNA in situ. Uridyl pentapeptides (1-3) were formed as the major products in vitro, with the newly added Ala 1 attached to the amino group of m-Tyr 2 at the N terminus as confirmed by MS/MS analysis ( Fig. 4A and Figs. S3-S5 ). The in vitro reconstitution confirmed the essential role of PacB in the uridyl pentapeptide biosynthesis. It is notable that 1-3 were also produced in the absence of tRNA at slower apparent rates, indicating that activated L-Ala, probably through alanyl-AMP formed by aatRS or PacO, could also be transferred to the m-Tyr residue.
PacB Catalyzes Transfer of the Alanyl 1 Residue on NRPS Assembly Line.
The timing of the aminoacylation during pacidamycin scaffold assembly was probed by LC-MS analysis. The enzyme-free uridyl tetrapeptide was prepared from the nine NRPS enzymatic reactions after dialysis through a 5,000 molecular weight cutoff membrane and incubated with PacB and alanyl-tRNA generated in situ. The free uridyl tetrapeptide was not converted to the uridyl pentapeptide by PacB. This result indicated that PacB might function to elongate intermediates on the NRPS assembly line. PacB assay was then performed using the tetrapeptide substrate still tethered on the pantetheinyl arm of PacH, a 10-kDa freestanding T domain. Pentapeptide product 4 (Ala 1 -mTyr 2 -DABA 3 -Ala 4 -CO-mTyr 5 ) was formed and confirmed by LC-MS after hydrolytic release of the peptidyl intermediate from PacH with thioesterase TycF (Fig. 4A and Fig. S6 ) (15) . The formation of pentapeptidyl-S-PacH was further confirmed by Fourier transform mass spectrometry (FTMS) after trypsin digestion ( Fig. 4B and Fig. S7) . We have previously shown that the aminoacylation of α-and β-amino of tethered DABA could take place independently ( Fig. 1) (9) ; therefore the necessity of the C-terminal ureido dipeptide on the assembly line for PacB recognition was tested. PacB was able to catalyze the transfer of the alanyl residue from tRNA to mTyr 2 -DABA 3 -S-PacH, and the resulting Ala 1 -mTyr 2 -DABA 3 -S-PacH species was confirmed by FTMS ( Fig. 4B and Figs. S8 and S9) . To confirm the minimal NRPS components required for the PacB assays, the transfer of the alanyl residue to mTyr 2 -DABA 3 -S-PacH was further investigated using ½ 14 CL-Ala as the substrate and visualized by SDS-PAGE autoradiography. Radioactivity migrated with PacH (10 kD) but not PacP (90 kD), and the labeling of PacH by ½ 14 CL-Ala was dependent on the presence of PacBHPW (Fig. 5A) . We have previously revealed that the central building block DABA was activated by and loaded onto holo-PacP (an A-T-TE* tridomain NRPS, TE*: thioesterase predicted to be inactive), and transferred to holo-PacH; the freestanding A domain PacW activated m-Tyr, which was then attached to the β-amino of DABA tethered on PacH (Fig. 1) (9) . (Fig. S10) , strongly suggesting that PacB catalyzed the aminoacyltransfer reaction in a tRNA-dependent manner. However, the in vitro total synthesis of uridyl pentapeptides above indicated that PacB could probably take activated alanyl species other than alanyl-tRNA. The preference of PacB toward various activated alanyl species was then probed using time course studies on the labeling intensity of PacH by ½ 14 CL-Ala. During the in vitro reconstitution of uridyl pentapeptides biosynthesis, the activated alanyl species included (i) alanyl-tRNA generated by aatRS and tRNA, (ii) Ala-S-PacN involved in the ureido dipeptide synthesis, and (iii) putative alanyl-AMP generated and released by aatRS or the freestanding A domain of PacO. The utilization of these alanyl species was studied in the ½ 14 CAla 1 -mTyr 2 -DABA 3 -S-PacH formation assays containing aatRS and tRNA (providing alanyl-tRNA), PacO and PacN (providing Ala-S-PacN), aatRS only (providing alanyl-AMP), and PacO only (providing alanyl-AMP), respectively. The apparent initial tripeptidyl-S-PacH formation rate (V i ) using alanyl-tRNA as a substrate was approximately 39 nM∕ min, which was at least 10-fold higher than the rates using other activated alanyl species (Fig. 5B) . This rate comparison demonstrated that PacB preferred alanyltRNA (from bulk E. coli tRNA) as a donor over other activated alanyl species in transferring the alanyl residue to the NRPS assembly line.
Discussion
In this work we have characterized PacB as a tRNA-dependent aminoacyltransferase involved in peptide bond formation in secondary metabolism, specifically in the addition of an N-terminal alanyl 1 residue to a tethered di-to tetrapeptidyl intermediate in the highly dissociated NRPS assembly line in pacidamycin biosynthesis. In the absence of PacB action, a tetrapeptidyl-Spantetheinyl-PacH species is ammonylized by a 5′-aminouridine moiety for enzymatic-mediated chain release. When PacB has acted, a full-length Ala 1 -mTyr 2 -DABA 3 -Ala 4 -CO-mTyr 5 thioester forms on PacH and is released by the aminouridine to generate the pentapeptidyl nucleoside antibiotic scaffold. Uridyl pentapeptidyl forms of pacidamycins were reported to be isolated as major products from the fermentation studies (1). We have noticed that in early stages of pacidamycin production the pentapeptidyl forms predominated, whereas tetrapeptidyl forms came up later, perhaps due to some combination of proteolysis, transport, or limiting metabolite concentration in stationary phase cultures of S. coeruleorubidus. We therefore assign PacB a chain elongation role on the NRPS assembly line. The deletion of the pacB gene confirms this assignment, given the selective loss of pentapeptidyl nucleoside but not tetrapeptidyl nucleoside forms of this antibiotic family.
In terms of amino acid addition to a peptidyl chain, PacB has functional homologies to the Fem ligases involved in the modification of peptidylglycans (13, 16) . FemX of W. viridescens adds the first alanyl residue from alanyl-tRNA to the ϵ-amino group of Lys at the third position of the pentapeptide stem to initiate an interpeptide cross-bridge (Fig. 2A) ; FemXAB enzymes of S. aureus deliver glycyl moieties from the glycyl-tRNA to build a Gly5 cross-bridge at the same Lys 3 position. Similarly, PacB delivers an alanyl moiety from alanyl-tRNA to the m-Tyr 2 residue of the growing pacidamycin scaffold attached to the peptidyl carrier protein PacH (Fig. 6) .
Recently another family of enzymes, cyclodipeptide synthase (CDPS), has been identified to be tRNA-dependent in peptide bond formation in secondary metabolism (Fig. 6) (17) . CDPSs utilize two aminoacylated tRNAs as their substrates to catalyze the formation of cyclic dipeptides, and structural studies suggest that they share a common class I aatRS-like architecture without the amino acid activation activity (18, 19) . Distinct from CDPSs, PacB is not predicted by HHpred to harness the aatRS-like architecture. The structural model of PacB shown in Fig. S11 was generated based on the highest scoring template FemX (PDB ID code 3GKR), in which PacB is presumed to have two domains separated by a cleft. One domain is predicted to have a three-dimensional fold similar to the fold of the GCN5-like N-acetyltransferase superfamily (20) . The residues interacting with the UDP-MurNAc-pentapeptide substrate of FemX are not conserved in PacB, consistent with the different substrate specificities of the two enzymes. It is notable that PacB has only 11% sequence identity and 26% sequence similarity to FemX demonstrated by ClustalW analysis, so it is not picked up in sequencebased search comparisons (Fig. S12) .
Other enzymes that catalyze the transfer of an amino acid in a tRNA-dependent manner include the protein argininyl and phenylalanyl/leucyl transferases (21) , and the phosphatidylglycerol lysyl/alanyl transferase MprF (22) . These enzymes function in protein or lipid modifications, respectively, in primary metabolism. Recently, a homolog of MprF, VlmA, was identified from Streptomyces viridifaciens to promote the ester bond formation between L-Ser and the hydroxyl group of isobutylhydroxylamine in the biosynthesis of the antibiotic valanimycin (Fig. 6) (23) . VlmA functions with a distinct class II seryl-tRNA synthetase paralog VlmL encoded in the valanimycin gene cluster, which provides seryl-tRNA as a substrate for VlmA (24) . In contrast, no dedicated alanyl/glycyl-tRNA synthetase was identified in the pacidamycin gene cluster. Two putative "housekeeping" alanyltRNA synthetases (amino acid size: 390 and 890) are identifiable in the producer S. coeruleorubidus genome by BLASTP analysis, both of which are conserved in the published genomes of Streptomyces coelicolor, Streptomyces lividans, Streptomyces griseus subsp. griseus, Streptomyces sviceus, etc. In addition, the online program tRNAscan-SE (25) predicts the absence of a putative Ala specific tRNA near the pacidamycin gene cluster. Therefore, PacB presumably hijacks alanyl/glycyl-tRNAs from primary metabolism, bridging the primary and secondary metabolic pathways in pacidamycin biosynthesis. As both uridyl tetrapeptides and uridyl pentapeptides exhibited similar antipseudomonal activities in vitro (26) , the rationale to produce both versions of pacidamycins can be deduced only by further study of timing and maturation processes in the producer S. coeruleorubidus.
In summary, we have predicted the function of a hypothetical protein PacB in the biosynthesis of the pacidamycin group of pentapeptidyl nucleoside antibiotics and validated the function of PacB as a tRNA-dependent alanyl 1 transferase by both genetic and enzymatic studies. PacB has high sequence identity to homologs encoded by other uridyl peptide biosynthetic gene clusters, including NpsN (67% identity) encoded by the napsamycin gene cluster from Streptomyces sp. DSM 5940 (7), and a hypothetical protein SrosN15_15085 (68% identity) encoded by a putative uridyl peptide gene cluster from Streptomyces roseosporus. A gene encoding a hypothetical protein with 44% sequence identity to PacB is also present in the genome of S. sviceus and is located in a putative secondary metabolite gene cluster that also encodes nonribosomal peptide synthetases. The functions of these hypothetical proteins are yet to be established. PacB utilized a tRNA-loaded amino acid as donor and a T domain-loaded nonribosomal dipeptide as acceptor (Fig. 6 ) and might therefore represent a unique group of transferases linking ribosomal and nonribosomal peptide synthesis. 
Materials and Methods
pacB Disruptions in S. coeruleorubidus and Mutant Analysis. Streptomyces coeruleorubidus NRRL 18370 obtained from USDA ARS Culture Collection was maintained on ISP4 agar or in tryptic soy broth medium at 30°C. The pacB knockout cassette was constructed using the ReDirect technology (27) . A 5-kb fragment containing pacB flanked by 2-kb arms was PCR amplified from genomic DNA and inserted into PCRBlunt vector (Invitrogen) (primers listed in Table S1 ). This plasmid was introduced into E. coli BW25113/ pIJ790 by electroporation. The acc(3)IV-oriT cassette amplified by PCR from pIJ773 was then introduced to replace the entire pacB using PCR targeting and λ-Red-mediated recombination. The resulting knockout cassette was transformed into E. coli WM6026 (a diaminopimelic acid auxotroph) for conjugation with S. coeruleorubidus. The double-crossover strain was obtained from antibiotic selection (Apra R Kan S ) and confirmed by PCR using one internal primer from acc(3)IV-oriT cassette and one external primer from an adjacent gene (Fig. S1 ). Mutant analysis was carried out following the reported procedure (6) and is detailed in SI Appendix. HRMS analysis was performed on an Agilent Technologies 6520 Accurate-Mass QTOF LC-MS instrument with a Luna 3u C18 column (4.6 × 75 mm) from Phenomenex. A linear gradient of 2 to 95% CH 3 CN (vol∕vol) over 15 min in H 2 O supplemented with 0.1% (vol∕vol) formic acid at a flow rate of 0.5 mL∕ min was used.
LC-HRMS Product Assays. All proteins were expressed and purified with His 6 tag following the general protocol (see SI Appendix). A typical LC-HRMS product assay was performed in 100 μL of 50 mM Hepes (pH 8.0) containing 5 mM ATP, 2 mM MgCl 2 , 1 mM TCEP [tris(2-carboxyethyl)phosphine], 5 mM amino acids and indicated uridine substrate, 10 μM purified forms of the eight enzymes PacDIJLNOPW (9), 50 μM PacH, 385 units E. coli aatRS (Sigma), 100 μg E. coli tRNA (Sigma), and 1 μM PacB. Reactions were incubated at 25°C and 25-μL samples were quenched at different time points by adding 25 μL of 10% trichloroacetic acid (TCA). Protein precipitate was pelleted by centrifugation and the supernatant was subjected to LC-HRMS and MS/MS analysis. A linear gradient of 2 to 80% CH 3 CN (vol∕vol) over 15 min in H 2 O supplemented with 0.1% (vol∕vol) formic acid at a flow rate of 0.5 mL∕ min was used. In the assay without PacI, TycF (5 μM) was added to the reaction mixture and further incubated for 30 min to release the product from PacH before TCA precipitation.
LC-FTMS Analysis of PacH-Bound Products. Assays were set up as for the LC-HRMS product assays without the addition of uridine substrate and PacI. After approximately 4 h of incubation at 25°C, 0.1 M Tris and trypsin (1∶5 wt∶wt trypsin∶total protein) were added and further incubated at 30°C for 15 min. The reactions were quenched with 25% formic acid and analyzed by nano-capillary LC-MS using a 100 mm × 75 μm C18 column in-line with a LTQ-FT (7 Tesla). Refer to ref. 9 for MS methods. All data were analyzed using QualBrowser, part of the Xcalibur software packaged with the ThermoFisher LTQ-FT. All mass values reported are for the neutral monoisotopic peaks.
Loading Assays with ½ 14 CL-Ala. A typical assay contained, in a total volume of 50 μL, 5 mM ATP, 2 mM MgCl 2 , 1 mM TCEP, 5 mM L-m-Tyr and DABA, 50 μM ½ 14 CL-Ala (0.32 μCi), 10 μM PacPW, 50 μM PacH, 192 units aatRS, 50 μg tRNA, 1 μM PacB, and 50 mM Hepes, pH 8.0. For rate analysis using various activated alanyl species, 192 units aatRS and 50 μg tRNA, 192 units aatRS, 40 μM PacNO, 40 μM PacO were included in the reactions, respectively. All reaction components except PacB were preincubated at 25°C for 30 min to build up substrates mTyr 2 -DABA 3 -S-PacH and activated alanyl species. After adding PacB, reactions were incubated at 25°C and 10-μL samples were quenched at different time points by adding 1× SDS sample buffer. Following SDS-PAGE, radiolabeled proteins were detected using a BAS-III imaging plate (Fuji Film, 48-96 h of exposure) and a Typhoon 9400 phosphorimager (GE Healthcare). The amounts of radioactive products were determined by counting the radioactive intensity and compared to the standard curve generated by ½ 14 CL-Ala in the same image.
